Solid solution perovskite Pb(Zr1−xTix)O3 (PZT) is an industrially important material. Despite the long history of experimental and theoretical studies the structure of this material is still under intensive discussion. In this work we have applied structure searching coupled with Density Functional Theory methods to provide a multiphase description of this material at x=0.4. We demonstrate that the permutational freedom of B-site cations leads to the stabilisation of a variety of local phases reflecting the relatively flat energy landscape of PZT. Using a set of predicted local phases we reproduce the experimental pair distribution function (PDF) profile with a high accuracy. We introduce a complex multiphase picture of the structure of PZT and show that additional monoclinic and rhombohedral phases account for better description of the experimental PDF profile. We propose that such a multiphase picture reflects the entropy reached in the sample during preparation process.
INTRODUCTION
Complex perovskite solid solution materials, such as A(BB )O 3 and AA (BB )O 3 , are of great interest for actual or potential uses, based on their exceptional piezoelectric properties. A family of solid solution perovskites with high piezo-response find use in great variety of devices such as nonvolatile random-access memory (NVRAM), dynamic random-access memory (DRAM), micro-electromechanical systems (MEMS), high performance piezoelectric MEMS including transducers, actuators, micro-pumps, inkjet printheads, and pyroelectric detectors [1] [2] [3] [4] [5] [6] [7] .
Among these materials lead zirconate titanate, Pb(Zr 1−x Ti x )O 3 (PZT), is a disordered solid solution ABO 3 perovskite material, with Pb ion at the A-site, while Ti and Zr cations are randomly distributed over the B-sites. Permutational freedom of B-site cations, along with rotational degrees of freedom of the BO 6 octahedra, gives rise the variety of stable phases in PZT, which is apparent in its complex temperature-composition phase diagram [8] [9] [10] [11] [12] [13] [14] . The Ti-rich side of the PZT phase diagram exhibits tetragonal symmetry at low temperatures, while the Zr-rich side displays a complex behaviour. At x <0.03 the system exhibits an antiferroelectric (AFE) phase that disappears with the increase of the Ti content and the solid solutions adopt rhombohedral symmetry [15] . The border separating tetragonal and rhombohedral phases (around 48-52 % of Ti content) is referred to morphotropic phase boundary (MPB).
The origin of the MPB in solid solution systems, such as PZT, is of great interest from both, fundamental science and industrial points of view, due to the possibility of engineering compounds with exceptional and controlled properties. The generally accepted model of the MPB in PZT is related to the appearance of monoclinic phase in a narrow compositional range around MPB [8] . This provides a mechanism to transform from a rhombohedral to tetragonal phase through a common monoclinic subgroup (Cm). The latter explains the freedom of the lead cations to move within the mirror plane of the monoclinic phase, and, thus, enhance the polarisation rotation and piezo-response [8, 16, 17] .
The role of lead-displacements on the short-range order was found to be significant, while the order of Ti and Zr cations considered to have random homogeneous arrangement exhibiting similar ferroelectric displacements [18, 19] .
The analysis of distribution of cation-displacements is usually attributed to the appearance of low symmetry phases and has been performed in number of works [12, 13, [18] [19] [20] [21] , while there is lack of information on the arrangements of B-site cations due to the limit of the resolution of the technique.
A strong effect of composition on the distribution of the directions of lead displacements was described in ref. [20] , indicating the dominance of [100] pseudo-cubic lead displacements for Ti-rich local environment, while Zr-rich environment tends to accommodate [110] displacements.
It was shown that Ti and Zr cations adopt different displacements within their octahedral environments, although determination of displacements was at the limit of the resolution of the technique [18] . The results indicated an off-centre polar displacement for Ti in agreement with the findings from nuclear magnetic resonance (NMR) results [22, 23] , however, it found nearly zero displacement for Zr.
High field NMR measurements have shown great promise as a probe of the local structure of ABO 3 perovskite-based alloys. NMR solid-state study of PZT demonstrated non-random character of B-site cations distribution with the presence of Ti-O-Ti chains along the (001) plane on the local scale [23] .
The role of cation displacements in short-and longrange structural order of PZT has been discussed in ref. [12] , where authors proposed a gradual change in the range of order as a means to develop individual phases, rather than distinct long-range structures separated by sharp phase boundaries.
Several low-symmetry phases were predicted for PZT in MPB region shortly after the discovery of Cm phase. Authors of ref. [24] predicted three monoclinic, so-called M a , M b , M c , phases and a triclinic phase using high-order Devonshire theory [25] .
Recently, the short-range scale structural complexity of PZT and its relationship to the piezo-activity has been discussed [13] . The authors discussed the nature of the monoclinic phase across the Zr-rich area of morphotropic phase boundary of PZT and found coexisting long-range average rhombohedral and both long-and short-range monoclinic regions.
The study of local and average structures of PZT is of fundamental importance in understanding the origin of its high-performance piezoelectricity. Understanding the motifs of local structure provides an insight into the relationship between the microscopic changes in local structure and macroscopic composition-driven properties.
In this work we describe the structure of Pb(Zr 1−x Ti x )O 3 , x=0.4 in vicinity of MPB using multiphase approach.
Assuming that a solid solution material is composed of small nano-regions with correlated ferroelectric displacements and B-cation arrangements, we describe its structure as a set of distributed nanoscale local phases.
Using a set of local phases predicted by the random structure search technique coupled with the Density Functional Theory methods [26] we reproduce the experimental pair distribution function (PDF) profile with high accuracy [13, 27] . We show that permutation of B-site cations leads to stabilisation of a variety of local phases with characteristically different lead displacements. Our results demonstrate that Zr-rich PZT exhibits a complex multiphase structure predominate rhombohedral structure at long-range order, while constituted of low-symmetry areas on a local scale.
METHODS
The study of disordered solid solution compounds such as PZT from first-principles is a challenging task due to the statistical gap between relatively small DFTaccessible systems and the disorder imposed by B-site cation arrangements in real material. However, quenched disorder in B-cation arrangements in PZT makes the approach based on the analysis of local structure well suited for structural studies of this material [28] .
To bridge the statistical gap in this work we have performed structure sampling of Pb(Zr 1−x Ti x )O 3 in perovskite stoichiometry region using AIRSS ("Ab-initio" Random Structure Searching) technique [29, 30] . Successfully applied to a variety of systems [30, 31] , AIRSS generates a large ensemble of structures, each of which has a reasonable starting volume and interatomic distances. Application of this method is particularly advantageous for potential energy surface sampling of such a complex compound with established polymorphism as PZT.
To sample the energy landscape of ferroelectric perovskite compound we have strongly biased the AIRSS algorithm to preserve ABO 3 topology. The searches have been performed for a number of configurations with inequivalent arrangements of B-site cations. We sampled the potential energy surface of cells containing 8 formula units simultaneously varying arrangements of Ti and Zr cations, lattice parameters, ferroelectric displacements and octahedral tilting angles.
The statistical analysis of DFT-predicted structures of PZT at MPB-composition has been performed in ref. [28] , where it was shown that B-site cations arrangement is a crucial factor for the chemistry of the PZT. In the present work we significantly extended the statistics of probed PZT configurations -AIRSS generated several thousands of structures over the range of compositions.
Despite unambiguous data on B-site cations distribution in PZT the use of relatively small DFT-cells is consistent with the conclusions made in ref. [32] , where the mean cluster size distribution for Zr and Ti was estimated. It was shown that the sum of the mean clusters as a function of composition reaches its minimum in the vicinity of MPB enclosing a volume of about 20.25 PZT unit cells, which corresponds roughly to a cube with an edge length of about 11Å. Assuming such a homogeneity in B-cation distribution the diameter of clusters of PTO or PZO should be comparable with 2 × 2 × 2 unit cell system (8Å).
We have performed the structure search for endmembers of PZT diagram that correspond to pure PZO and PTO compounds as well as number of Ti-and Zr-rich compositions with x=0.25, 0.375, 0.5, 0.625 and 0.75.
To distinguish between the types of constructed PZT structures we used following notations: each type of B-cations arrangement was denoted with roman superscript index. Thus, with composition x=0.5 a cell containing four Ti and four Zr cations can be represented by six symmetry inequivalent arrangements. As such, the arrangement 0.5 I corresponds to the ordering of B-site cations of the same type in staggered columns collinear to one of the <100> crystallographic directions; the arrangement 0.5
II represents rock-salt-type ordering of Bcations, which corresponds to the inversion operation applied to the centre of the cell with permutation of the Bcations; arrangements 0.5 III−V are related to an asymmetric non-uniform clustering of B-cations, where Zr and Ti ions occupy planes perpendicular to one of the <100> directions in proportion of 3:1 (i.e. one Zr and three Ti atoms per atomic plane); the arrangement 0.5 V I corresponds to the ordering of the same type B-cations within a layer lying in a {100} crystallographic plane. Similar notations were used for other probed compositions: x=0.25, x=0.375, x=0.625, x=0.75. For all compositions the arrangement of type I corresponds to the structure with Ti (or Zr) atoms occupying a {100} plane. The arrangement II corresponds to location of Ti (or Zr) atoms in {110} plane, while the variant III corresponds to Ti (or Zr) cations in {111} without clustering.
Each constructed structure was fully relaxed within the Density Functional Theory level using PBEsol exchangecorrelation functional [33] as implemented in the VASP code [34] [35] [36] [37] . The projector augmented wave pseudopotentials [38] [39] [40] with 550 eV energy cutoff and 6 × 6 × 6 Monkhorst-Pack k-points mesh per formula unit were chosen. The convergence of the total energy and forces during optimisation were of 1 meV and 0.01 eV/Å, respectively. The potential energy landscape is probed at zero K, thus, in this work we do not discuss the effects of anharmonicity or temperature effects.
The macroscopic polarisation, P , has been esimtaed through the sum of the products of the atomic displacements and Born effective charges [41] . The latter as well as the components of the piezoelectric tensor were calculated using linear response approach as implemented in the VASP code [42] [43] [44] .
An important descriptor for the atomic structure of a material is the pair distribution function (PDF), g(r), which determines the probability of finding two atoms at a given distance, r. Experimentally, the pair distribution function g t (r) is derived from measured (by X-Ray or neutron experiment) structure factor of a material. Computationally, the function g m (r) is calculated from the distributions of atomic centres corresponding to the modelled structure. We assume that a solid solution material is composed of small nano-scaled regions with correlated ferroelectric displacements and B-cation arrangements, that can be described as a set of distributed local phases. To identify the type of local phase that is presented in real materials and provide a contribution to the experimental structural data profile we developed a fitting procedure that approximates the target pair distribution function, g t (r), i.e. experimental structural data, with a modelled pair distribution function g m (r). The function g m (r) is constructed as a linear combination of PDFs from local structures predicted by structure search technique (further denoted as optimisation set):
is the PDF of the j-th local structure and C j is the linear combination coefficient which corresponds to the contribution weight of this local structure into the target function. The summation over index j runs over all DFT-simulated structures including all probed stoichiometries. Coefficients L k j (where k = 1, 2, 3) stand for lattice parameters of the j-th local structure, while the variable σ j scales the ferroelectric displacements of the j-th structure.
The optimisation of L k j , σ j parameters is done to account for thermal effects, plausible deformations and effects of local electric fields arising from surrounding domains with different polarisation directions. The lattice parameters were allowed to vary within 4 % of the DFTcalculated values with symmetry constraints. The variables σ j were allowed to modify ferroelectric displacements of the j-th structure within 20 % of that calculated by DFT. Independent to L k j variation of σ j imposes an additional degree of freedom on variation of B-O bond lengths within 0.1Å.
The fitting procedure consists of minimising the deviation between target, g t , and modelled, g m functions:
where r p is the uniform mesh of distances between 0 and r max . In other words, fitting of g m to g t is done in the range from 0 to r max . For construction of stereographic projection for a pseudo-cubic perovskite we calculate the vector of cation displacements from [111] direction for each local phase, identifying a direction with a tolerance of 0.04Å. Thus, each vector is represented at the projection as a point with a colour gradient reflecting a relative contribution to the displacement direction.
RESULTS AND DISCUSSION

Ab Initio Structure Search
We performed the analysis of the potential energy landscape of PZT at ambient pressure using ab initio random structure search [26] .
As an initial step we performed sampling of the PES of well-known PbTiO 3 (PTO) and PbZrO 3 (PZO) compounds. We found tetragonal P 4mm structure to be the most stable PTO phase with lattice parameters of a=3.87Å, c=4.17 A that are in good agreement with experiment [20] . The tetragonal phase is followed by 0.09 eV less stable cubic P m3m phase with a computed 0 K lattice parameter of 3.92Å.
Our searches also correctly predict the phase stability of PZO: the most stable phase is found to be antiferroelectric P bam structure with the lattice parameters a=5.89Å, b=11.82Å, c=8.19Å in good agreement with experiment [45] that is followed by 0.38 eV less stable paraelectric P m3m phase with a=4.15Å lattice parameter in good agreement with earlier simulations [46, 47] .
Further, we have sampled the potential energy landscape of PZT compounds with different compositions of x=0.25, 0.375, 0.5, 0.625, 0.75. Despite sampling over relatively small cells we have obtained a variety of stable phases from monoclinic to cubic symmetry. Notably, the greatest range of phases within a given arrangement was found at near-to-MPB compositions -relaxation of the six inequivalent arrangements 0.5 I−V I has converged to 38 stable different symmetry phases. Meanwhile, searches for compositions x=0.375, 0.625 have converged to 13 and 9 different phases, respectively and for compositions x=0.25, x=0.75 -to 9 and 11 phases, respectively.
The diversity of phases confirms the flatness of the potential energy landscape in vicinity of MPB and suggests that phase coexistence region is confined close to the composition x=0.5 rather than extended to wide range of concentrations.
Estimating the relative energy of a solid solution phase as:
we plot the relative energies of phases found in Fig. 1b for each composition and each arrangement type. As we show later, structures with maximal contribution to the experimental PDF curve are marked by red diamonds denoting weight and the symmetry. We have found that the potential energy landscape of PZT is characterised by a relatively flat profile -most of our phases lie within a 0.09 eV energy interval, which is consistent with the conclusions of earlier work [48] .
We note that phases with different composition may exhibit a very similar stability that makes them competitive in solid solution compound.
Fitting procedure
To justify the applicability and performance of our fitting procedure we have performed several tests to reproduce pair distribution function for well defined tetragonal and cubic phases of PTO. For this we constructed a target function, g t−P T O t (r), using the parameters of tetragonal phase refined from neutron scattering experiments [20] for PTO at room temperature. To probe the robustness of our method we have included into the optimisation set predicted by the structure search tetragonal phase of PTO, antiferroelectric phase of PZO, and all found PZT structures -overall, 82 structures.
Our technique has successfully fitted g t−P T O m (r) to the target function with relative error δS of 0.023. The model function g t−P T O m (r) contained 99 % of tetragonal PTO with parameters a= 3.90, c=4.15Å, while 1 % is related to erroneous determination of paraelectric phase of PZT with 0.5 II arrangement (Fig. 2a ). We have also tested our fitting procedure to reproduce the PDF profile of the cubic phase of PTO. We used similar to the tetragonal case optimisation set with enhanced scaling of lattice and ferroelectric parameters that cover centrosymmetric atomic positions and cubic lattice parameters. Despite the large difference between structural parameters of cubic and tetragonal phases, our fitting procedure reproduced g c−P T O t (r) (Fig. 2b ) with high accuracy (the relative error δS is of 0.029). The modelled function g c−P T O m (r) consists of 98 % of PTO with the lattice parameters and ferroelectric distortion close to the cubic phase values: a= 3.90Å, while the parameter σ has converged to zero that correspond to the absence of ferroelectric displacements. Our procedure, however, provides an erroneous 1.5 % contribution of a tetragonal lattice, which we consider as an accuracy of our method.
Further we apply our approach to describe the phase composition of PZT with x=0.4. As a target function g
P ZT t
(r) we have used PDF, which was obtained as a Fourier transform of the structure factor of PZT [13, 27] . The data was collected at room temperature by the neutron scattering experiment for ceramic samples of PZT with composition of x=0.4 prepared by mixed oxide route.
We used 82 structures in the optimisation set that included pure PTO, PZO compounds and all predicted PZT structures at various composition. Optimising the set of variables C j , σ, L (r) that matches the target curve g P ZT t (r) with high accuracy -the relative error is only 0.025. This compare to 0.023 and 0.029 error related to tetragonal and cubic PTO cases, respectively (Fig. 2) . The model function g
P ZT m
(r) reproduced the experimental curve over the wide range of distances (up to 50Å) including short-and long-range intervals (Fig. 3) .
Notably, our 82 structures set has converged to a subset containing only 10 structures (further called f inal set) with non-zero coefficients C j . Final set does not contain any contribution from pure PTO and PZO compounds (x=0, 1), and Ti-rich configurations with x=0.625, 0.75. The maximal contribution of 25 % belongs to the monoclinic structure P m related to 
0.375
I arrangement (Fig.  1a ). High energy structures with identical arrangements, monoclinic C2mm and Cm phases, compose about 17 % of the model function g P ZT m (r). The rest of the curve consists of the structures related to six different arrangements with three distinct compositions: x=0.25, 0.375 and 0.5. These contributions vary from 2 % up to 15 % as it shown in Fig. 1b . Notably, only a small part of the converged local structures (8 %) corresponds to the composition x=0.25, i.e. mostly deviating from the overall averaged material's composition. One can see that similar stoichometry phases provide smaller contribution to the final set as their stability decreases, which reflects their temperature stability.
Our fitting procedure has also correctly reproduced the sample composition: overall Ti content, x, was found to be of 0.42, which is very close to the experimental sample composition of 0.4. We found a strong variation of x among the structures contributing to g Interesting to note that some of the contributing structures are characterised by the presence of Ti-O-Ti chains perpendicular to polar direction. This is somehow in agreement with NMR findings, where those chains were shown to preserve in equatorial plane up to high Zrcontents, unlike similar chains in axial direction [23] .
The analysis of the mutual arrangement of B-site cations, i.e. population of B-sites by Ti and Zr cations, demonstrates a structural similarity of the phases contributing to the g P ZT m (r). Considering a conversion path between different arrangements as a substitution of Ti by Zr ions at the B-sites (and vice versa), one can count a number of substitution steps required for a conversion between two different arrangements (see Fig. 3 ). One can see that the structures with largest coefficients C j are topologically close to the specific arrangement 0.375
I . In particular, we found that 42 % of the g III that take two and three substitution operations, respectively, to convert to 0.375 I arrangement. During the annealing process a solid solution system maintains its maximal entropy due to the enhanced diffusion of B-site cations that produces a variety of local arrangements. However, the cooling process condensates local minima representing those arrangements into their energy minima which then appear in structure determination experiment. Therefore, our linear combination PDF, g P ZT m (r), represents a set of local minima, which correspond to the maximal entropy of a solid solution system achieved in the sample during the manufacturing process.
Our observations suggest a presence of a long-range averaged order in the sample that related to the arrangement 0.375 I . However, the material is also characterised by some deviations from this long-range order -local short-range structure. We found that the smaller the difference between the local and the averaged arrangements, the greater the probability for the local arrangement to appear in the sample. (r). The T and O points refer to tetragonal and orthorhombic symmetry, respectively. Red, green, blue circles correspond to monoclinic Ma, M b and M b phases, respectively [24] . Cyan circles correspond to triclinic (Tr) phases. The colour gradient shows relative contribution of corresponding displacements in the model structure.
We have performed the analysis of stereographic (111) projection of lead displacements for the local phases that contribute to the g P ZT m (r) function. In Fig. 4 one can see that 5 % of all lead displacements are related to exact R symmetry -centre of the graph, meanwhile there is no contribution corresponding to pure T or O directions. Notably, the majority of lead displacements are roughly equally distributed over several types of mono-clinic structures: phases M a , M b and M c compose 27 %, 26 % and 29 %, respectively. In addition we have found that 12 % of all lead displacements occurs in the triclinic direction.
Overall, our results suggest a diverse character of lead displacements in Zr-rich PZT that would make it difficult to describe the structure of this system by a singleor two-phase model. We, however, highlight that such a diversity of lead displacements is driven by the B-O interactions and relaxation of B-cation sub-lattice, while lead sub-lattice exhibits relative freedom in displacements.
We propose that the structure of Zr-rich PZT can be considered as a set of different symmetry nano-regions characterised by a complex distributions of lead displacements. Such a picture is consistent with the recent diffuse scattering experiments [49] where it was shown that strongly structured diffuse scattering from morphotropic PZT suggests presence of differently ordered local regions.
Our findings are also in line with the consideration made in ref. [13] which suggests that the structure of PZT can be described as a set of local low-symmetry phases, while on the long-range scale the structure exhibits rhombohedral symmetry. Authors of ref. [13] proposed an elegant model of solid solution PZT compound consisting of microscale regions, which exhibit monoclinic symmetry at the local scale. Being distributed and oriented randomly these regions in diffraction experiments on average could give R structure. However, in the case of correlation between neighbouring regions established up to large enough scales, this leads to the formation of a macroscopic monoclinic phase and produces corresponding diffraction peaks.
However, following questions still remain open: What is the microscopic structure of such correlated regions? and What is the physical origin of such correlation?
The description of the microscopic structure of a correlated region in PZT based on lead displacements analysis could be very complex: local phase forming a nano-region may exhibit a diversity of displacement directions. For example, the local phase 0.5 (r) function, exhibits the R3m symmetry group and [111] polarisation direction. Meanwhile, this 40-atoms local structure has eight lead ions that characterised by six lead ions with M a and M b -type of displacements and two ions with R-type displacements directions.
We suggest that the diversity of lead displacements strongly reflects the character of B-cation distribution over the local phase and reflects the chemistry of the compound. The cation displacements are established in order to optimise B-O and A-O bond lengths in highly inhomogeneous structures. This suggests that structural correlations in solid solution materials, which give rise to the ordered nano-regions, are not due to ferroelectric displacements, but are established firstly at the level of B-cation distribution. (r) function to provide an insight into the correlation between these properties and the local order of B-site cations. The calculated values of spontaneous polarisation, P, and piezoelectric stress tensor elements, e ij are shown in Table I . We found a strong variation of the magnitude and the direction of polarisation with respect to the local phase. The calculated values of P vary from 0.55 up to 0.74 C/m 2 , not exceeding though the experimental value 0.75 C/m 2 [50] and in good comparison with earlier simulations [51] . In general, we found that the condition for the enhanced P and large ferroelectric distortions is related to the presence of Zr-O-Zr chains oriented along the polar axis. This arrangements causes elongation of the cell, so, Ti-ions in collinear Ti-O-Ti chains adopt large ferroelectric displacements.
The analysis of piezoelectric coefficients e ij (values for e 31 , e 33 and e 15 are shown in Table I ) demonstrates their strong dependence on the symmetry and structural parameters of the cells and vary from zero up to values of about 7 C/m 2 . However, we have not found a particularly high piezoelectric response from predicted local phases -calculated piezoelectric constants are comparable with those of pure PTO (Table I ). This suggests that the extrinsic contributions such as domain wall motion [52] could be responsible for large piezo-activity of PZT rather than effects of local arrangement. 
Summary and conclusions
In this work we have applied random ab initio structure searching coupled with the Density Functional Theory methods to describe the structure of Zr-rich PZT (x=0.4) using multiphase approach. Our structure searching results demonstrate that the permutation of B-site cations leads to stabilisation of the variety of local phases reflecting a relatively flat energy landscape of PZT in vicinity of the MPB.
We have developed a fitting procedure to reproduce the experimental pair distribution function (PDF) profile using a set of predicted local phases with a high accuracy. We introduce a complex multiphase picture of PZT structure and show that additional monoclinic and rhombohedral phases account for better description of the experimental PDF profile. We propose that at the local scale PZT consists of low-symmetry structures, while macroscopically it belongs to R symmetry. This, confirmed by stereographic projection of lead displacements in the model structure, demonstrates random character of distribution of individual directions belonging to monoclinic or triclinic structures around the R-direction. We assume that the origin of such a phase diversity reflects the variety of B-cation arrangements established in the sample during preparation process.
The developed fitting procedure coupled with the ab initio random structure searching algorithm [26] for a multiphase structure description is beneficial for applications where structural identification and phase composition, required for characterisation of technologically important macroscopic properties of the material, can be accurately determined through structural property correlations.
This approach, in particular, could provide an insight into the structural definition of complex multiphase, functional ceramics (as electrocaloric, piezoelectric, magnetoelectric compounds); materials with dopants that display fractional site-occupancy; compounds that exhibit degradation of properties or fatigue due to the formation of ad-phase, or phase separation.
The computed parameters of electro-mechanical response show their strong dependence on the symmetry and structural parameters of the local phase. We have not found particularly high piezoelectric coefficients from local phases contributing to g P ZT m (r) including monoclinic ones, which suggests that the extrinsic contributions such as domain wall motion are more likely to be responsible for the piezo-activity of PZT rather than the effects of local arrangement.
We hope that some of the considerations, derived in our theoretical investigation, will contribute to a deeper understanding of the experimentally observed phenomena and development of material with desired properties.
